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genes by increasing levels of PP sources that alter muscle cellularity and textural properties of Senegalese sole when total FM is replaced by PP.
Statement of relevance
The biological basis through which sustainable and practical plant protein diets (PP) affect flesh texture determinants is extremely scarce so the present results will be valuable to the aquafeed industry, fish producers and final consumers. This study clearly shows that PP diets reduced expression of several key genes involved in myogenesis and muscle growth and can hence affect fish growth potential at long term. This study identifies useful markers that correlated well with muscle cellularity and muscle growth and can be further used to select the most appropriate diets for a fish species.
Introduction
Global fish consumption has increased over the past four decades, rising from 9.0 kg per capita in 1961 to an estimated 19 kg in 2012 (FAO, 2015) as a result of different promotion campaigns and consumer concern regarding the importance of a healthy balanced diet (Chowdhury et al., 2012; Pieniak et al., 2008; Wu et al., 2015) .
The image of fish quality among consumers is more often related to nutritional value and sensory properties of the flesh than other characteristics (Grigorakis, 2007) . In most markets, consumers show a preference for a firm flesh texture (Haard, 1992) , which is strongly influenced by a set of intrinsic traits such as muscle chemical composition, number and size distribution of muscle fibres and associated connective tissue (Hurling et al., 1996; Valente et al., 2011a) . Moreover, environmental responsible practices of aquaculture also became important concerns for both the producer and the consumer (Frewer et al., 2005) .
The replacement of fish meal (FM) by sustainable and eco-friendly plant protein (PP) sources is a major trend in aquaculture feeds and it has been accomplished in different species without affecting growth performance (Cabral et al., 2013; Johnsen et al., 2011; Kaushik et al., 2004; Pratoomyot et al., 2010) . Most studies evaluated the impact of such diets on the nutritional value of the fillet, but few focused on organoleptic attributes and even less on textural properties (de Francesco et al., 2004; Johnsen et al., 2011; Matos et al., 2012) . Flesh texture is a function of muscle fibres, connective tissue and fat cells (Johnston et al., 2000) . The biological basis through which sustainable PP diets affect flesh texture determinants is scarce and the genetic network underpinning those processes involves a complex response which remains largely unknown. Myofibrillar proteins are the largest skeletal muscle proteins
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4 responsible for the contractile, functional and textural properties being major regulators of muscle growth (Goll et al., 2008) . Moreover, endogenous proteolytic enzymes, which mainly include the cytosolic calpains, the lysossomal cathepsins and the ubiquitinproteasome pathway play an important role in protein degradation (Jackman and Kandarian, 2004) with consequences in flesh texture (Salmerón et al., 2013) . Several genetic pathways regulating muscle fibre hypertrophy and/or nuclear accretion have recently been identified in fish, and related to its nutritional status (Alami-Durante et al., 2010a; 2010b; Bower and Johnston, 2010; Valente et al., 2012; (Morais et al., 2014) . Recent studies demonstrated that sole can effectively use diets with high levels of PP sources, without impairing growth performance or nutrient utilization (Cabral et al., 2011; Silva et al., 2009; Valente et al., 2011b) , and still preserving high nutritional value for human consumption (Cabral et al., 2013) . However, the impact of vegetable sources on the dynamics of white muscle growth and sole flesh textural properties has never been evaluated. In the present study, the flesh quality of Senegalese sole fed diets containing increasing levels of PP blends (50%, 75% and 100%) to replace FM will be evaluated using texture profile analyses, muscle cellularity and gene expression. Relative expression of key genes involved in myogenesis (myod1, myod2, myf5, mrf4, myog) , muscle growth igf1r, insr, fst, fgf6, myhc and mylc2) , protein turnover cathepsinB, cathepsinD) and stabilization of collagen fibrils (lox) will be related to textural and cellular properties.
Material and methods
The experiment was directed by trained scientists (following category C FELASA recommendations) and conducted according to the European guidelines on protection of animals used for scientific purposes (directive 2010/63/EU of European Parliament and of the Council of European Union).
Experimental diets
The trial comprised four extruded isonitrogenous (54% dry mater, DM), isolipidic (9% DM) and isoenergetic (21 KJ g -1 DM) dietary treatments. A control fish meal-based diet (FM) was compared with three test diets containing increasing levels of a plant protein blend (soybean meal, peas, corn gluten, and wheat): 50% (PP50), 75%
(PP75), and 100% (PP100). Details on diets formulation and proximate composition are presented in Table 1 . All diets were formulated with practical ingredients. PP-based diets were supplemented with crystalline lysine (Lys) and methionine (Met) to simulate those levels existing in the FM based diet, whereas fish oil (FO) levels were adjusted accordingly to keep the diets isolipidic. All ingredients were finely grounded (hammer mill, 0.8 mm sieve), mixed and then extruded (twin screw extruder, 3.0 mm pellet size, SPAROS, Lda., Portugal). Diets were finally dried at 60 ºC for 3 h and stored at 4ºC until use.
A C C E P T E D M A N U S C R I P T Cabral et al. (2013) .
At the end of the growth trial and following a 30 h starvation period, all fish were individually weighed (g) and measured (total length, cm Additionally, a piece of white muscle (circa 2g) was dissected from each fish,
immediately frozen in liquid nitrogen and stored at -80ºC for subsequent determination of gene expression. From each fish, a cross-sectioned slices of 3-4 cm wide was also taken from the head side and kept in ice for further instrumental colour and texture analysis.
Histological analysis
Fixed muscle samples were decalcified, dehydrated in a graded ethanol series, cleared in xylol and embedded in paraffin and analysed according to Valente et al. (2011a) . Transversal sections (10 µm-thickness) were cut in each block and stained with haematoxylin-eosin before being coversliped for morphometric analysis. Measurements were obtained using an interactive image analysis system (Olympus Cell Family), capture by CCD-video camera (ColorView Soft Imaging System, Olympus) and a light microscope (BX51, Olympus, Japan). The dorsal area occupied by white muscle (muscle CSA, mm 2 ) was computed through Multiple Image Alignment (MIA) using Cell*Family software, after circumscribing the physical limit of the muscle section only. White muscle fibres density (N A ) was calculated as: ΣN * ΣA -1 , where ΣN is the total number of fibres counted over all sampled fields in a section (>6) and ΣA is the total area of the fibre counting fields (mm 2 ). Total number (N) of white muscle fibres was calculated as: N A * muscle CSA, where N A is the number of white muscle fibres per unit area (fibres mm -2 ) and muscle CSA is the total white muscle area (mm 2 ). Mean individual fibre area (ā, μm 2 ) was determined by circumscribing the physical limits of >900 white muscle fibre sections and the corresponding white muscle fibre diameter (μm) was computed as follows: D (muscle) = 2 ā 0.5 π -0.5 . All measurements concerning white fibres used 10x magnification objectives. Absorbance ratios (260/280 nm) higher than 1.9 indicated high purity of extracted RNA. Total RNA (1 g) from each sample was reverse transcribed using the QuantiTect transcription kit (Qiagen) for 30 min at 42ºC.
A C C E P T E D
Specific primers were designed based on published Senegalese sole igf-I and igf-II (Funes et al., 2006) and myf5, mrf4, myog, myod1, myod2, fst, fgf6, myhc, mylc2, igf1r and insr (Campos et al., 2010) gene sequences (Table 2) . Gene expression was quantified by quantitative real time PCR (qPCR) with SYBR Green chemistry (Qiagen) on a LightCycler ® 480 instrument (Roche) as detailed in Fernandes et al. (2008) .
Reactions (total volume of 10µl) were prepared in 96-well plates including 4µl of 50x diluted cDNA template, 1µl of each primer pair (5µmol l -1 ) and 5µl of QuantiTect SYBR Green containing ROX as reference dye (Qiagen). After sealing the plates, samples were denatured for 15 min at 95ºC and then subjected to 45 cycles of amplification following the next thermocycling profile: denaturation for 15s at 94ºC, annealing for 20s at 60ºC and extension for 20s at 72ºC. Specificity of the qPCR reaction and presence of primer dimers were checked in the melting curves generated under dissociation protocol from 65ºC to 97ºC. Standard curves corresponding to 5-fold dilution series (1:1-1:16) of pooled RNA from all samples allowed to calculate the PCR efficiency. All samples were run in duplicate and minus reverse transcriptase and no template controls were included in all plates. A positive plate control was also used.
Cycle threshold (Ct) values were determined by the fit-point method using the LightCycler ® 480 software and arbitrarily set to 0.3 fluorescence threshold. The potential suitability of reference gene (ubq, rps4, eef1a1) (Table 3) was assessed according to GeNorm analysis (Vandesompele et al., 2002) . Normalisation factors were calculated as the geometric average of the two most stable and suitable reference gene (Ubq, rpS4). After Ct values transformation into quantities from standard curves, normalised gene expression levels were obtained applying the appropriate normalisation factors to raw data.
Statistical analysis
Statistical analyses followed methods outlined by Zar (1999) . All data were checked for normality (Shapiro-Wilk test) and ln-transformed when required.
Homogeneity of variances was confirmed by Levene´s test and significant differences
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11 determined by one-way ANOVA using the STATISTICA 11 (StatSoft Inc., Tulsa, USA) software. Individual means were compared using a Tukey's HSD (honest significant difference) test. When data did not meet the ANOVA assumptions, the Kruskal-Wallis non-parametric test was chosen instead. Relationships between all parameters were evaluated by non parametric Spearman Rank order correlations.
Significant differences were considered when P<0.05.
Results
Growth performance
After feeding all fish for 140 days, full substitution of dietary FM by PP (PP100) resulted in a significantly lower final body weight and size compared to other dietary treatments (Table 4) . Fish fed PP50 and PP75 showed a similar growth performance to the FM fed fish. The condition factor (K), a measure of the condition of fish, was similar among treatments (1.4-1.5).
Muscle cellularity and instrumental texture analysis
Dorsal muscle CSA was significantly affected by the dietary conditions (P< 0.05). Fish fed PP50 and PP75 had similar CSA areas to the FM fed fish, but PP100 had the lowest CSA section. White fibre diameter was not significantly affected by the dietary inclusion of PP sources up to 75 %, but fish fed PP100 had the smallest white fibres. The total number of white fibres and the percentage of small-sized fibres (<30m) was similar among dietary treatments (P≥0.05), resulting in similar fibre
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12 distribution among dietary treatments. PDF distribution showed that the PP50 group skewed to the right-hand tail of the distribution, although not significantly (Fig. 1) . The dietary inclusion of 100% PP caused significant differences on fillet stiffness determined by the modulus of elasticity (Table 4) . Fish fed PP100 diet exhibited a significantly higher modulus of elasticity (0.5 GPa) i.e. lower fillet stiffness compared to other dietary treatments (0.4 GPa). Moreover, this textural parameter was negatively correlated with fish length (-0.600), and moderately correlated with white muscle fibre size (-0.573) ( Table 5 ).
Muscle gene expression
The dietary incorporation of PP significantly affected the relative transcript levels of several muscle-related genes (Fig. 2) . The relative gene expression of myod1 decreased concomitantly with increasing PP levels ( Fig. 2 A) with PP100 showing a significantly lower expression than the FM fed fish, whereas myod2 showed no clear trend (data not shown). Moreover, myogenic regulatory factor mrf4 transcript levels decreased significantly with the inclusion of PP sources (Fig. 2 B) . Myogenin expression also tended to decrease with PP diets, but without statistical significance, whereas myf5 showed no clear trend (Fig. 2 C, D) . Gene expression of igf1r, insr and fst in skeletal muscle revealed a common expression pattern with soles fed PP100 diet significantly reducing their levels of transcripts approximately 3.0 fold in comparison to groups fed FM diet (Fig. 2 G, H and I ). Other genes also related with overall growthigf1 and igf2 -did not modify their expression as a function of dietary treatment (Fig. 2 E, F). The relative expression of fibroblast growth factor 6 (fgf6) and myosin superfamily elements (myhc and mylc2) was significantly reduced (>2 fold) by the dietary inclusion of PP sources, with soles fed 100PP diet showing the lowest values ( Fig. 2 J, K, L) . These genes were highly and positively correlated between each other (Table 5) .
Texture-related genes (ctsb, ctsd, capn2 and lox) tended to decrease their transcript levels when PP meal was incorporated in sole diets (Fig. 2 M, N , O, P), but could not be related with the modulus of elasticity (P≥0.05). The expression of lox showed a 3-fold reduction in fish fed PP100 compared to those fed FM. Moreover, the expression of lox was positively and significantly correlated with white muscle fibre diameter (0.495) and negatively correlated with fibre density (-0.602) ( Table 5 ).
Discussion
Senegalese sole seems to have great capacity of using high levels of dietary PP protein sources as previously reported in several studies with juveniles (Cabral et al., 2011; Silva et al., 2009 ). Cabral et al (2013) has recently showed that large-sized sole could also effectively use practical diets containing up to 75% of PP sources, without affecting feed intake, growth performance or nutrient utilization whilst preserving the nutritional fillet value. However, total FM substitution impaired growth. The present study shows that the inclusion of PP sources in Senegalese sole diets significantly affects muscle growth dynamics, confirming earlier observations in several fish species In Senegalese sole diets, FM replacement by PP sources in diets significantly affected the expression of several growth-related genes. Among the myogenic regulatory factors (MRFs), a significant down-regulation of myod1 expression (one of the earliest markers of myogenic commitment) was observed in fish fed PP100 diet,
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15 without affecting the percentage of small-sized fibres or the total number of white fibres. In rainbow trout, soybean-meal rich diets also resulted in a significant decrease of myoD1 expression, but increased the percentage of small white muscle fibres (diameter below 20 µm) (Alami-Durante et al., 2010b) . The two myod paralogs evaluated in Senegalese sole responded differently to the treatments, as myod2 was not significantly affected by PP diets. Likewise, myogenin expression was not significantly affected by increasing levels of PP diets, confirming previous results in rainbow trout (Alami-Durante et al., 2010a; 2010b) . The present results showed that the expression of mrf4, another MRF required for both cell specification and differentiation (Chen and Tsai, 2008) , decreased significantly with the dietary inclusion of PP, irrespectively of its inclusion level. Reduced expression of muscle mrf4, but not myf5, was previously associated with lower growth in Senegalese sole fed high dietary lipid levels (Campos et al., 2010) , pointing towards a nutritional modulation of muscle development. Moreover, higher expression of mrf4 was associated with fibre area increase in sole early stages . In the present study growth impairment and muscle fibre size reduction could be observed in fish fed with the highest PP level (PP100). Moreover, the expression of mrf4 was highly and positively correlated (r=0.9; Table 5) (Duan, 1998) . Although this system is known to be highly regulated by the nutritional status of fish (Chauvigné et al., 2003; Hevrøy et al., 2007; Montserrat et al., 2007; Valente et al., 2012; This is consistent with previous data in gilthead sea bream showing a decrease in circulating IGF-I levels in fish fed PP-based diets (Gomez-Requeni et al., 2004) . In the present study IGF's circulating levels were not evaluated and its transcription remained unaltered. Nevertheless, the expression of its receptors was strongly affected by high dietary PP levels probably mediating several metabolic functions that resulted in growth impairment.
Members of the Fibroblast Growth Factor family (i.e. FGF6) are potent moderators of critical phases of muscle development. Prolonged expression of FGF6 is
17 involved in the continuous proliferation of myogenic cells during fish growth (Rescan, 1998) . Campos et al. (2010) reported that fgf6 expression in S. senegalensis fast muscle showed a positively correlation with protein efficiency ratio and negatively with feed conversion ratio. In our study, fgf6 expression in Senegalese sole white muscle showed a significant decrease in all PP groups, displaying a positive correlation with igf receptors (igf1r, r=0.761; insr, r=0.858). These results suggest an important role of fgf6 in the mechanisms involved in growth regulation in white muscle. Follistatin (FST), an antagonistic member of the transforming growth factor-β (e.g. myostatin), is an activinbinding protein known to be involved in muscle growth and development (Lee and McPherron, 2001 ). In rainbow trout, overexpression of follistatin was shown to enhance or stimulate muscle growth (Medeiros et al., 2009 ). In the present study, fst gene expression was downregulated with increasing inclusion of PP sources in the diet. The lowest value of fst expression was detected in PP100 group, as well as final body weight and fibre diameter. However, statistical analysis indicated no correlation between fst expression and final body weight or fibre diameter. Similarly, Campos et al. (2010) found no correlation between growth and fst expression in Senegalese sole fed with different dietary lipids levels. Still, there was a strong positive correlation between igfs receptors and fst expression (igf1r, r=0.727; insr, r=0.783). Present results point towards a possible modulation of fst and igfs receptors expression and muscle growth by PP dietary levels in Senegalese sole.
Flavor and textural properties are important attributes of seafood. Among texture attributes, firmness also termed hardness is closely associated with the human visible acceptability of fish products. Instrumental methods provide an overall understanding on the mechanical properties of fish that closely reflect sensory perception of muscle texture (Coppes et al., 2002) . Recent work on human mastication highlights the importance of two mechanical properties-toughness and modulus of elasticity (i.e, stiffness) for food breakdown during mastication (Williams et al., 2005) .
In the present study fish fed PP100 diet exhibited a significantly higher modulus of elasticity, i.e. lower fillet stiffness, compared to other dietary treatments. Valente et al (2011a) have previously reported a negative correlation between flesh firmness and white fibre diameter in gilthead seabream from distinct production systems. But the present results show that the modulus of elasticity was only moderately related with fibre density (r=0.510) and muscle fibre size (r=-0.573). Hagen et al. (2007) has previously suggested that muscle texture is more influenced by collagen crosslinking and collagen content than fibre density. It has been suggested an important role of lysyl oxidase (LOX) in cross-linking of collagen contributing for flesh firmness (Consuegra and Johnston, 2006; Johnston et al., 2006) . In the present study, the expression of lox A C C E P T E D M A N U S C R I P T
